Abstract-In this article, we show that the dielectric constant of lead-free ferroelectric ceramics based on the solid solution (1−x)(Bi 0.5 Na 0.5 )TiO 3 -xBaTiO 3 , with compositions at or near the morphotropic phase boundary (MPB), can be tuned by a local applied electric field. Two compositions have been studied, one at the MPB, with x = 0.06 (BNBT6), and another one nearer the BNT side of the phase diagram, with x = 0.04 (BNBT4). The tunability of the dielectric constant is measured at microwave frequencies between 100 MHz and 3 GHz by a nonresonant method and simultaneously applying a dc electric field. As expected, the tunability is higher for the composition at the MPB (BNBT6), reaching a maximum value of 60% for an electric field of 900 V/cm, compared with the composition below this boundary (BNBT4), which saturates at 40% for an electric field of 640 V/cm. The high tunability in both cases is attributed to the fine grain and high density of the samples, which have a submicrometer homogeneous grain structure with grain size of the order of a few hundred nanometers. Such properties make these ceramics attractive for microwave tunable devices. Finally, we have tested these ceramics for their application as infrared pyroelectric detectors and we have found that the pyroelectric figure of merit is comparable to traditional lead-containing pyroelectrics.
I. Introduction s ince the discovery of ferroelectric ceramics by the middle of the 20th century, Pb(Zr,Ti)o 3 (PZT) perovskite has been the most used ferro-piezoelectric material [1] . The reason for the success of PZT is intimately related to the morphotropic phase boundary (MPB) between the tetragonal and rhombohedral phases [2] , which increases the number of equivalent directions of the spontaneous polarization of the crystal, P s , and consequently increases also the remanent polarization P r . However, an increased concern about the risks of the use of lead has promoted an intense effort to develop lead-free piezoelectric ceramics with properties that could match those of PZT. Because the coexistence of the two phases is considered to be at the origin of the high piezoelectric coefficients of PZT with compositions near the MPB, an alternative material has been sought that would present a similar behavior. sodium bismuth titanate (na 0.5 Bi 0.5 )Tio 3 (BnT) has emerged as a good alternative to PZT because it has a strong ferroelectricity at room temperature and a high curie temperature (T c = 320°c) [3] [4] [5] [6] . It also forms solid solutions with the tetragonal perovskite BaTio 3 (BT), which results in a morphotropic phase boundary between the BT phase and the rhombohedral BnT phase. Hence, the material system (1−x)Bi 0.5 na 0.5 Tio 3 -xBaTio 3 (denoted BnT 1−x -BT x , or simply BnBT100x), has some very attractive properties, especially for compositions at or near the MPB, for which a significant enhancement of the dielectric response occurs [2] . The transition between the rhombohedral (BnT-rich) and tetragonal (BT-rich) phases occurs for x between 5% and 7%, depending on the sources [2] , [4] [5] [6] , so most studies take BnBT6 as the reference composition to study the behavior at the MPB.
However, the phase diagram of BnBT is very complex, showing many peculiarities that are not yet well understood, including ferroelectric, relaxor, and nonpolar phases [2] . These peculiarities result in important differences between BnBT and PZT, which may be the possible reason why the piezoelectric properties of lead-free BnBT are inferior to those of PZT. The contribution of domain wall motion to the electromechanical properties of PZT can also be important, but unfortunately there are not yet reports on domain-wall contributions in PZT and lead-free materials made under comparable conditions [2] . The studies published so far seem to indicate that contributions to the permittivity from the domain wall motion in BnT-BT are quantitatively similar to those of PZT, although the mechanism responsible for it is completely different.
recently, fine-grained submicrometer-structured ceramics of BnT-BT have been synthesized with compositions at the MPB (BnBT6) and shifted to the BnT side of the solid solution (BnBT4) [5] , [6] . Processing of ceramics from nanopowders allows obtaining fine-grained compounds that are of interest both for the basic studies of size effects in ferroelectrics and for their use as highfrequency ultrasonic transducers. The piezoelectric properties of these submicrometer-structured materials have already been studied [5] , [6] , and the purpose of this article will be to contribute to the knowledge of these ceramics by two new complementary characterizations: their pyroelectric behavior and the tunability of their dielectric constant at microwave frequencies (100 MHz to 3 gHz). Both characterizations are useful for applications to devices in which we are interested: the pyroelectric response is used for infrared detectors, whereas the dielectric constant tunability can be applied to microwave tunable devices. The results will be compared with those of traditional lead-containing PZT so that conclusions about the applicability of BnT-BT to practical commercial devices will be obtained. Very few studies have been done on the pyroelectric behavior of BnBT and its possible application to pyroelectric infrared sensors [7] , [8] . Usually, the pyroelectric coefficient p′ is determined from measurements of depolarization current, and then a characteristic pyroelectric relation is calculated from the equation
where F c is the pyroelectric figure of merit, p′ is the pyroelectric coefficient, and ε r is the dielectric permittivity at room temperature. However, for the application of this material as an infrared sensor, it is more realistic to measure directly the pyroelectric voltage or pyroelectric current when the sample is irradiated by a modulated infrared beam emitted by a calibrated black-body source. In this case, the modulated infrared illumination simulates the movement of an infrared source, such as a person passing by, which must be detected by the sensor. our purpose is to use these sensors as part of a wireless network that detects anomalous situations in the life of elderly people who are alone at home and may need assistance at some moments or situations of risk [9] [10] [11] . The main components of this system are movement detectors placed in every room of the house and sensitive to the electromagnetic radiation emitted by the human beings in the long-wavelength infrared range (8 to 14 μm). Pyroelectricity provides the most efficient way to detect infrared radiation for this application because pyroelectric detectors do not require power supply and therefore they do not increase the power consumption of the wireless motes. additionally, and contrary to the generally more sensitive Ir photonic detectors (photodiodes or photoconductive devices), they do not require cooling, which notably simplifies the installation and operation of the motes [9] [10] [11] . For these reasons, an experimental setup has been built to test the pyroelectricity of the BnBT samples in conditions similar to the real application. as a source of Ir radiation, we have chosen a calibrated black-body emitter. Previously, measurements of the power radiated by the black body were done with a thermopile for different distances and as a function of the black-body temperature, to compare them with the power emitted by a person at the same distances, and find the conditions that more accurately simulate the intended application. Because pyroelectric detectors are sensitive only to variations of the incoming Ir power, the movement of the object was simulated by an optical chopper modulated at low frequencies between 1 Hz and 100 Hz. The BnBT samples were metalized with electrically conductive silver and placed on a probe station where we could make contact with these electrodes. They were then illuminated by the modulated black-body radiation and the current produced by the change in spontaneous polarization was amplified by a low-noise current preamplifier and a lock-in amplifier. The response of the material was studied as a function of modulation frequency, and the results were compared with other traditional lead-containing dielectrics.
The second practical application of BnBT that has not yet been explored with enough detail is that of microwave tunable devices, including tunable oscillators, phase shifters, long-range phase-array radar, and pulse compression waveguides in directed energy systems [12] . In this field, the properties of fine-grained submicrometer or nanostructured ceramics such as those considered in this study are particularly interesting. Thus far, the dielectric constant of BnBT at microwave frequencies has only been studied in one publication, which used non-poled samples for their study [2] , [13] . In that publication, an impedance analyzer was used to measure the permittivity up to 1 gHz, and the dielectric resonator technique [14] was used to determine the complex dielectric constant at some discrete frequencies above 3 gHz. In our case, we will use a broadband electromagnetic characterization technique of materials at microwave frequencies, involving S-parameter measurements, a specific measuring cell, and an extraction method of the permittivity and permeability. a vector network analyzer is used to measure the S-parameters from the measuring cell. among the different broadband measuring cells available in the literature, the openended coaxial probe adjusts well to the characterization of disk-shaped samples [15] , [16] . other techniques such as measurements in free space require large dimensions of the samples at low microwave frequencies [17] , whereas measurements with box-shaped cells need manufacturing processes for inserting the samples within the cell [18] [19] [20] , and measurements with coplanar or microstrip cells involve technological processes for depositing metal on the samples [21] [22] [23] . In comparison, the open-ended coaxial probe allows nondestructive characterizations of different size materials from S 11 * reflection coefficient measurements.
In the following, we present the experimental details and results from tests performed for both types of applications (pyroelectric and microwave), as applied to finegrained submicrometer-structured BnBT4 and BnBT6 samples described previously in the literature [5] , [6] .
II. Experimental setups

A. Pyroelectric Characterization
We have tested BnBT as a pyroelectric sensor in realistic conditions similar to those that are used to test commercial pyroelectric detectors (PIrs). For this purpose, we have built the experimental setup shown in Fig. 1 .
a calibrated black-body radiation source is used as the infrared emitter. This allows us to have a constant and reproducible source of infrared radiation. The emission of the black-body source is passed through an iris that allows adjustment of the level of infrared power incident on the sample. a chopper modulates this beam at a frequency that can be controlled between 2 and 400 Hz. The sample is placed on a copper plate to allow a good electrical contact to the back electrode. contact is made with needle probes on a cascade summit 9000 probe station (cascade Microtech Inc., Beaverton, or). The pyroelectric voltage is measured using a lock-in amplifier which is frequency locked to the signal, thus eliminating most sources of noise. In the experiments presented here, a JFET source follower is placed between the sample and the amplifier to approach the conditions existing in a passive infrared sensor, in which this transistor provides the necessary impedance matching to the detection circuit.
The emission of the infrared black-body source has been first compared with that of a human being to select a cavity temperature that more accurately approaches the infrared emissions of a person. For this purpose we have used a Moll thermopile to measure the radiating power of the black-body source at different distances, and we have compared it with the measurements of the radiating power of a person and of a movable self-made broad-area radiating oven at the same distances. The reason for the movable oven is to have at our disposition an infrared source that could be moved freely around a living lab, simulating the movements of an ill or elderly person being monitored by nonintrusive infrared detectors which should detect situations of risk [9] [10] [11] . The black-body source turned out to be not appropriate for this purpose because it is a directional energy emitter, whereas a person emits infrared radiation in all directions. our home-made oven is made of a cylindrical homogeneously heated black surface, which radiates uniformly in all directions. after calibration of the temperature of this oven, so that it will approach as much as possible the emitting power of a person, and doing a similar calibration of the black-body cavity temperature, we obtained the results shown in Fig. 2 for the detected power as a function of distance. The data follow an exponential decay law at distances larger than 1 m, indicating that the absorption of the infrared light in air prevails over the dependence of the expanding beam power density with the inverse square of the distance. However, at short distances below 1 m, the tendency separates from the exponential decay law, indicating that at this short range, the inverse quadratic law is predominant. The experiment also shows that the broad area uniform omnidirectional oven better simulates the emission characteristics of a person at distances larger than 1.5 m, whereas at distances lower than 1 m, the black-body source provides a more realistic model. Hence, the oven will be used in experiments related to signal analysis of PIrs networks aimed at extracting information from different patterns of movements [9] [10] [11] , and the black-body source will be used in characterization of materials candidates for integrated lead-free pyroelectric sensors.
B. Microwave Characterization
The dielectric constant of BnBT at microwave frequencies has only been measured in one previously published work [2] . as mentioned in the introduction, nonpoled samples were used in that work and the measurements below 1 gHz were carried out with an impedance analyzer [13] . For frequencies between 3.3 and 7.8 gHz, only some discrete frequencies were measured using the composite dielectric resonator technique [14] . For the application of BnBT to microwave tunable devices, is necessary to test the response of the dielectric constant to an applied electric field at microwave frequencies. This section first describes the measuring cell, the experimental setup, and the extraction method of the complex permittivity that we have used to get the dielectric properties of ferroelectric BnBT4 and BnBT6 high-density submicrometer-structured ceramics [5] , [6] at microwave frequencies, without and with applied dc bias electric fields. The parameters describing the tunability characteristic are also presented.
1) Measuring Cell and Experimental Setup:
Two types of nonresonant methods can be used for the broadband characterization of disk-shaped materials with coaxial lines: the reflection/transmission method and the reflection method. The reflection/transmission method involves inserting the material to be characterized within a portion of the coaxial transmission line. In addition to the manufacturing processes for adjusting the sample within the coaxial line, and thereby to minimize the air gaps, this technique is inaccurate if the electrical length of the sample cell is lower than several multiples of one-half of the guided wavelength [23] . Therefore, a very long coaxial transmission line is needed to cover the low microwave frequencies (<3 gHz). on the other hand, the reflection method allows accurate broadband measurements of materials in this microwave low-frequencies range (<3 gHz). Two types of reflection methods with different terminations can be used: open-reflection method and shortedreflection method. The latter is used to measure magnetic permeability, whereas the first is sensitive to the measurements of permittivity and, therefore, adequate for the ceramic samples that we want to characterize. This measuring cell is usually called a coaxial dielectric probe. It allows nondestructive measurements of different sized materials. The permittivity of the material under test is obtained from measurements of the S 11 reflection parameter with the coaxial dielectric probe.
The experimental setup is shown in Fig. 3 . The measurements of the S 11 * reflection parameters are carried out by means of a vector network analyzer (Vna; E5070B, agilent Technologies Inc., santa clara, ca) covering 300 kHz to 3 gHz. a radial dc electric field is applied to the sample under test by means of a dc source and a bias tee. The reference plane P 1 is obtained from an initial calibration procedure (100 MHz to 3 gHz) using standard open and short terminations and a standard material with known dielectric permittivity [15] , [16] .
2) Extraction Method of the Complex Permittivity:
The complex permittivity is extracted from S 11 * parameter measurements performed at the interface P 1 between the coaxial probe and the sample under test, together with the analysis of the open-ended coaxial probe modeled by a simple equivalent circuit (Fig. 4) [15] . The reflection coefficient S 11 * is obtained at the reference plane P 1 by considering the complex admittance of the equivalent circuit:
where Z 0 is the characteristic impedance of the coaxial transmission line, ω is the angular frequency, C f is a capacitance independent of the material under test, and C( ) ε r * = ε r * C 0 is the capacitance filled with the material under test (C 0 is the capacitance filled with air). 
where S 11 sm * is the complex reflection coefficient at the reference plane P 1 , and φ S 11 sm is the phase of S 11 sm * . after calculating these capacitances, we can extract the complex dielectric permittivity of the sample under test from the values of S 11 * : 
3) Tunability: The main feature of ferroelectric materials for microwave engineering applications is the dependence of their dielectric permittivity ε r with an applied dc bias electric field E. This characteristic is commonly described by the tunability parameter n and by the relative tunability parameter n r :
where ε r (0) and ε r (E) correspond to the dielectric permittivity of the material at zero electric field and at some non-null electric field, respectively.
III. results and discussion
A. Pyroelectric Results
The pyroelectric voltage measured in the way described by the experiment of Fig. 1 is presented in Fig. 5 for the BnBT4 sample and compared with two other ferroelectric materials: lead titanate (PT) with 24% substitution of Pb by ca, and PT with 8% substitution of Pb by sm. It is known from previous work with pyroelectric detectors that the ratio of the pyroelectric coefficient to the square root of the permittivity is fairly constant for many pyroelectric materials [8] , [24] . Hence, even though significant differences may exist in the pyroelectric coefficient, the difference in the performance of pyroelectric detectors based on those materials is less significant. The relevant figure of merit (F V ) for comparing the pyroelectric voltage frequency response is the ratio of pyroelectric coefficient to permittivity and volume-specific heat [25] . The theory that takes into account both the electrical and thermal impedances of the detector predicts a maximum of the responsivity (pyroelectric voltage divided by input power) at low frequencies, and an f −1 dependence proportional to the figure of merit at higher frequencies [25] , [26] . The measurements shown in Fig. 5 match this behavior well for the three samples analyzed, as demonstrated by the good apparent linear fits of the pyroelectric voltage versus frequency on the logarithmic scales above the cutoff frequency determined by the electrical and thermal time constants [25] . This is in agreement with previously published models of pyroelectric devices, which describe the frequency response in terms of two time constants: an electrical time constant (τ E ) related to the capacity of the pyroelectric element, and a thermal time constant (τ T ) related to the thermal capacity (H) and thermal conductance (G T ) to the surroundings. The value of the sensitivity of the sensor (R v ) is determined by the pyroelectric coefficient (p′) and the values of these constants, which depend not only on the material used but also on its geometrical dimensions. Because all three tested samples received the same power of infrared illumination and produced similar values of pyroelectric voltage, it is concluded that the ratio p′/(τ E + τ T ) is comparable for the three pyroelectric elements that were characterized [25] . Because their geometrical dimensions were also similar (1.5-cm-diameter disks with thickness between 0.5 and 1.5 mm) it is concluded that the material parameters must also be similar, although the exact influence of each parameter on the sensitivity requires further analysis and specialized measurements.
B. Microwave Dielectric Characterization Results
The technique proposed in the experimental section has been used to measure the complex permittivity of BnBT4 and BnBT6 ceramics without and with applied dc bias electric fields in a range of frequencies covering 100 MHz to 3 gHz at room temperature (298K). Figs. 6 and 7 show the measured ε r ′ values as a function of frequency and the relative tunability (n r ) at 1 gHz for BnBT4 and BnBT6, respectively. The losses of this material are small and it has not been possible to measure their magnitude accurately by this technique.
as can be seen in Fig. 6 , BnBT4 presents significant dielectric constant variation with the applied dc bias electric field, and the ε r ′ values decrease only slightly as a function of frequency. The higher values of the real part of the permittivity are obtained when no dc bias electric field is applied to the sample. at the frequency of 1 gHz, the BnBT4 ceramic material exhibits an ε r ′ value equal to 26.3 for E = 0, which decreases down to a saturation value around ε r ′ = 15 for an applied dc bias electric field higher than E = 600 V/cm. The change in permittivity as a function of applied dc bias electric field allows a relative tunability of approximately 43% to be achieved. If we compare the values of dielectric constant and relative tunability of the BnBT4 sample ( Fig. 6 ) with those of BnBT6 (Fig. 7) , we observe that at the morphotropic phase boundary composition (100x = 6) the dielectric constant is significantly higher: ε r ′ = 35.8 for E = 0 (compared with 26.3 for the composition 100x = 4, below the MPB). The relative tunability is also larger for the BnBT6 sample, because it reaches a value of 60% for electric fields around 730 V/cm. For larger electric fields, the tunability saturates in that value, corresponding to a dielectric constant of ε r ′ = 14 at the frequency of 1 gHz. This means that the saturation value of the dielectric constant is approximately the same for the two compositions.
The higher values of tunability at the morphotropic phase boundary are consistent with the enhanced dielectric properties at that composition. a high-density submicrometer structure is generally associated with higher tunability values [27] , [28] , which may explain the results obtained for these ceramics. Previously published results of microwave tunability refer mostly to single-phase systems [28] , especially (Ba,sr)Tio 3 single crystals and ceramics [27] , so that direct comparison with a two-phase system at the MPB is not straightforward. The high dielectric constants and the large range of tuning for the BnBT ceramics can be of interest for the development and design of novel compact tunable microwave devices IV. conclusion
The application of lead-free submicrometer-structured BnBT ceramics to two types of devices (pyroelectric detectors and microwave tunable devices) has been studied. In the first case, a pyroelectric voltage has been measured with a test experiment designed to characterize passive infrared sensors in conditions that simulate real working conditions. The results have been comparable to traditional lead-containing dielectrics (PZT), both in the magnitude of the detected pyroelectric voltage and in its dependence with the frequency of the modulated excitation source.
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